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ABSTRACT 
The impact o f  mechanical s t resses upon ichthyoplankton en- 
t r a i n e d  i n  power p l a n t  coo l i ng  systems has l ong  been considered 
neg l i g i b l e .  Arguments and evidence e x i s t ,  however, t o  show t h a t  
such a suppos i t i on  i s  n o t  u n i v e r s a l l y  t rue ,  espec i a l l y  i n  nuc lear  
poNer p lants .  The mechanisms o f  mechanical damage can be de- 
t a i l e d  i n  terms o f  pressure change, acce le ra t ion ,  and shear s t r ess  
w i t h i n  t he  f l u i d  f l o w  f i e l d .  Laboratory  e f f o r t s  t o  q u a n t i f y  the 
e f f e c t s  o f  mechanical s t r ess  have been very  sparse. A wel l -planned 
bioassay i s  u rgen t l y  needed. 
I NTROOUCTION 
I n  h i s  p ioneer ing  paper on the  e f f e c t s  o f  the Contra Costa 
e l e c t r i c  generat ing f a c i l i t y  on t he  l o c a l  s t r i p e d  bass and salrron 
f i she r i es ,  Ke r r  (1953) devoted the  b u l k  o f  h i s  r e p o r t  t o  the Kor- 
t a l i  ty o f  a d u l t  f i s h  due t o  impingement upon i n t ake  water screens. 
Psssing mention was made o f  sma l le r  j u v e n i l e  forxis passing through 
t he  screens t o  say t h a t  m o r t a l i t y  due t o  mechanical s t resses f u r -  
t h e r  a long i n  the system was n e g l i g i b l e .  Th is  work s e t  the p a t t e r n  
f o r  much o f  the  research which fo l lowed.  Most subsequent work on 
the  theme o f  mechanical danage i n  c o o l i n g  water  systems repeated 
t he  theme t h a t  mechanical i n j u r y  increased w i t h  inc reas ing  s i z e  
(e.g., Markowski, 1962; Oglesby and A1 l ee ,  1969; Marcy, 1971). 
Meanwhile, f i s h  c u l t u r i s t s  were aware t h a t  mechanical trauma 
could be q u i t e  det r imenta l  t o  t he  s u r v i v a l  o f  j u v e n i l e  f i shes  i n  
ha tcher ies  (Hayes, 1949; Oavfd, 1953; L e i t r i t z ,  1963). It i s  wor th  
no t i ng  t h a t  much o f  the  damage induced i n  developing young i s  n o t  
acute (i .e., i m e d i a t e )  b u t  mani fests  i t s e l f  l a t e r  as deformi t ies  
which cou ld  r e s u l t  i n  premature m o r t a l i t y .  For  example, Mat1 ak 
(1970) i n f e r r e d  t h a t  misshapen heads i n  carp f ry were a t t r i b u t a b l e  
t o  mechanical dfsturbances. Emadi (1973) observed a h i gh  Inc idence 
of yo1 k sac deformation i n  a l ev i ns  r a i s e d  i n  t r a y s  w i t h  smooth 
bottoms--presumably a. r e s u l t  o f  the f r y ' s  i n a b i l i t y  t o  ma in ta in  
p o s l t f o n  and t he  consequent abrasion o f  t he  sac aga ins t  the bottom 
surface. Mathur and Yazdani (1969) observed a ve r t eb ra l  mechanical 
compression i n  an adu l t  Hetero neustes f o s s i l i s  which he suggested 
--+- was due t o  mechanical in jury  i n  e a r  y d m n t .  
I f  ichthyoplankton can be s o  s ens i t i ve  t o  mechanical damage 
/ i n  t he  control led environment of the  hatchery, i t  would seem logi-  
cal  t o  expect some damage t o  the  organisms when they a r e  subjected 
t o  the r i go r s  of t he  pumps and conduits of a cooling water system. 
Perhaps suspecting t h i s ,  Barton Marcy (1973) was insp i red  t o  search 
f o r  mechanical damage t o  entrained ichthyoplankton i n  t he  Connecti- 
cu t  Yankee Nuclear Power Plant .  Clarcy sampled t he  f i s h  eggs and 
larvae i n  the  discharge canal with the  pumps operat ing,  but without 
added heat  o r  biocides. His data  revealed t h a t  80 percent  of the 
entrained juveni les  f a i l e d  t o  survive the  pass through the  plant .  
Iihile care  must be taken not  t o  t r a n s f e r  these r e s u l t s ,  quant i ta -  
t i v e l y  o r  q u a l i t a t i v e l y ,  t o  o the r  power s t a t i o n s ,  they do nonethe- 
l e s s ,  po in t  ou t  t he  unequivocal need f o r  more a t t en t i on  t o  t he  
possi bi 1 i ty of mechanical impact on entrained organisms. 
Fortunately,  an awareness of t h i s  problem i s  beginning t o  
creep i n t o  environmental impact work. Lauer (1973) reported t h a t  
pressure changes of t he  magnitude found i n  t he  Indian Point  Power 
Plant  were not damaging t o  s t r i p e d  bass eggs and larvae.  Goodyear 
and Coutant (1973) added t h a t  one must a l so  consider  turbulence and 
shear  as  possibly inducincl mor ta l i ty .  The authors of the  impact 
statercent' f o r  t he  p i l g r i m - ~ u c l e a r  ~ b w e r  S t a t i on  were carefu l '  t o  
a sc r ibe  l o b s t e r  larvae mor ta l i ty  t o  heat ,  mechanical a c t i on ,  and 
chemicals ( A . E . C . ,  1972). 
Kechanisms of Damage 
IJhile the  whole i s sue  of mechanical damage t o  entrained ich- 
thyoplankton has not been s tud ied  thoroughly, i t  i s  poss ib le ,  none- 
t he l e s s ,  t o  ou t l i ne  the physical forces  which could s t r e s s  t he  
organisms. I t  i s  important t o  emphasize t h a t  we a r e  deal ing with 
forces  i n  the Newtonian sense. Thus, we should be carefu l  no t  t o  . 
speak of mortal i t y  caus'ed by water veloci ty .  The ve loc i ty ,  p e r  s e ,  
of an organism o r  t he  f l u i d  surrounding i t  can cause no damage. 
Rather, the th ree  major forces  (o f t en  associated w i t h  high veloci- 
t i e s )  t o  be reckoned with a r e  (1)  pressure change, (2 )  acce le ra t ion ,  
and (3)  shear .  
The problem of pressure change, cause and e f f e c t ,  i s  the  sub- 
j e c t  of another paper i n  t h i s  symposium, and hence w i l l  not  be 
mentioned fu r the r  i n  t h i s  manuscript. 
Acceleration i s  the time r a t e  of change of ve loc i ty  and i s  
always accompanied by a force  according t o  Newton's second law of 
motion. In a cooling water system we can speak in terms of a t  
l eas t  three ranges of acceleration. 
A t  the lower end of the scale are the accelerations due t o  
change in  the bulk speed of the f lu id  flow. Typically these accel- 
erations would be encountered near the intake as the water speeds 
up t o  i t s  terminal velocity in  the conduit, a t  the ou t le t  as the 
water slows down, or a t  the upstream (or dowhstream) end of a con- 
s t r i c t i o n  i n  the flow. These forces usually range from very 
s l i g h t  t o  the order of rnagni tude of the gravitational force. In 
a11 likelihood they are  not very damaging. 
In the intermediate range are the accelerative forces asso- 
ci ated w i t h  the turbulent eddies character1 s t i  c of most cool i ng 
water flows. I f  one fol1,ows the tortuous path of a par t ic le  i n  
such a 'flow, he wi  11 become aware of abrupt changes i n  speed and 
direction. Such accelerations give r i s e  t o  forces several times 
tha t  of gravity and could possibly be damaging to ichthyoplankton, 
e i ther  itiunediately o r  i n  l a t e r  development. 
Potentially the most destructive accelerative forces would 
be shor t  duration, high magnitude impulses from the impact of the 
organism w i t h  a sol id  surface. Such forces could be many times 
the acceleration of gravity and would probably be fa ta l .  
Shear s t r e s s  ( o r  viscous force) is  present i n  a real l iquid 
when the velocity of the f lu id  varies from point t o  point in  space. 
This i s  most commonly noticed when f lu id  moves with respect to a 
solid surface and exerts a viscous drag on the surface. The force 
i s  present throughout the f lu id ,  however, and i t s  potential ef fect  
on an egg i n  the flow f i e l d  i s  i l lus t ra ted  i n  Figure 1. In th i s  
instance a f l u i d  i s  flowing past a stationary surface. The f lu id  
clinging t o  the  surface wall has a velocity equal to 0. As one 
moves away from the wall the velocity increases up to  some value 
character is t ic  of the bulk motion of the f lu id .  An egg within the 
changing velocity f i e l d  would be subject t o  a f lu id  velocity on i t s  
outboard s ide  ( V ' )  greater than that  on i t s  inboard side ( V " ) .  The 
resultant  forces on the egg can be resolved (both conceptually and 
mathematical ly) i n t o  a rotational and a deformational component. 
The rotational e f fec t  would be t o  disturb the internal order of the 
egg, whtle the deformation would s t ress  both the membrane and the 
i ntert or. 
The special case of damage incurred when the surface of the 
organism contacts the sol1 d boundary I s  termed abrasion and deserves 
special study, since the result ing damage i s  a function of the two 
contacting surfaces. 
Velocity = V 
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Figure 1 .  Possible effects o f  shear stress resulting from water 
velocity on a f i s h  egg. 
Shear s t r e s s  i s  common1 reported by f l u i d  dynamicists as a % force per uni t  area (dynes/crn ), however, the associated r a t e  of 
shear (sec-1) i s  often used i n  biological  appldcations. For a 
Newtonian f lu id ,  such as water, the two are  d i r ec t ly  proportional, 
the constant o r  proport ionali ty being the  coeff ic ient  of viscosi ty.  
The destructiveness of shear i s  documented i n  the biophysical 
l i t e r a t u r e .  I t  i s  a major cause of hemolysis in  heart-lung machines 
(Williams, 1973; Bernstein, 1973). and i s  believed t o  be the  prin- 
cipal  a en t  i n  the degradation of fibrinogen within the c i rcula tory  
system ?charm and Uong, 1910). 
Within a flow f i e l d ,  the g rea te s t  shear s t r e s ses  wil l  be en- 
countered i n  the near neighborhood of so l id  surfaces,  e.g., conduit 
walls ,  pump impellers, screens,  vanes, etc .  In flor.~s of high tur- 
bulent in tens i ty  one could a l so  expect high shears to  e x i s t  a t  the 
interfaces between eddies. 
Previous Work 
Now t h a t  the  qua l i t a t ive  nature of possible mechanical damage 
t o  ichthyoplankton has been described, two questions a r i se :  (1) 
What are  the quanti tat ive ranges of acce lera t ive  and shear forces 
which cause immediate and delayed damage t o  entrained f i sh  eggs and 
larvae? (2) How does one design a cooling system t o  minimize such 
mechani cal damage? 
The engineering physics of flow systems is  reasonably we1 1 
understood. That i s ,  a good chemical o r  mechanical engineer, given 
the design specif icat ions of the system, should be able to  invoke 
Boundary Layer Theory and the Theory of Turbulence along with em- 
p i r i c a l l y  determined functions t o  specify where accelerat ions and 
shears of given in t ens i t i e s  could be expected. His answers could 
never be determfnant, s ince turbulent  flows a re  s tochas t ic  by 
nature and cer ta in  complicated geometri es can only be approximated, 
but h i s  estimated should prove adequate t o  the task. Minimization 
of damage could be achieved by i t e r a t i o n  of his  calculat ions upon 
d i f f e ren t  design specif icat ions.  
The i m e d l a t e  bottleneck i n  evaluating the impact of entrained 
organisms is the paucity of bio-engineer1 ng da ta  t o  answer the 
first quest i  on. In a reasonably intensive l i t e r a t u r e  search, t h i s  
wr i t e r  has discovered only two attempts t o  gauge the e f f ec t s  of 
acceleratlon o r  shear upon f i s h  eggs and larvae,  ne i ther  of which 
was stimulated by power'plant considerations. 
Acceleration generated by shock waves from underground nuclear 
explosions was considered as possibly detrimental to trout redds i n  
the vicinity of nuclear t e s t  s i t e s  (Post e t  a l . ,  1973). Maximum 
peak accelerations i n  the order of 0.9 g were expected along one 
major trout stream. Post and associates, therefore, constructed a 
se r ies  of simulated rainbow t rout  redds i n  one-1 i t e r  glass aquaria. 
An accelerometer was attached t o  replicate pairs of aquaria and the 
apparatus was dropped onto a r e s i l i e n t  mat. Mean accelerations 
could be controlled to  within 10 percent. 
Pairs of aquaria were subjected to peak acceleration of I ,  2 ,  
5, and 10 g a s  a t  biological development stages of 37.5, 75, 125, 
and 250 TU (one TU per hour i s  the product of the water temperature 
i n  degrees Fahrenheit above freezing divided by 24).  Experiments 
were repeated a t  8.3'C and ll.l°C. The survival rates of hatching 
(72-84 percent) did not d i f fe r  s ignif icant ly  i n  any way from the 
experimental controls. 
Extrapolation of these negative resul ts  should be done with 
caution. As the authors suggest, they probably apply t o  other 
salmonid species. B u t  then, there are unconfirmed reports of re- 
searchers playing marbles with water-hardened salmon eggs! More 
f rag i l e  eggs, such as those of the str iped bass, could prove to  be 
Fore sensi tive. Also, the larval stages of the stressed eggs should 
be examined fo r  possible malformation o r  premature mortality. 
Finally, i t  would be useful t o  know w h a t  accelerations are neces- 
sary to induce mortality. 
In an environmental impact study of the widenlng and deepen- 
ing of the Chesapeake and Delaware Canal, Morgan e t  a l .  (1974) per- 
formed a ser ies  of simple experiments to  assess tE zmage to  
s t r iped bass, Morone s a x a t i l i s ,  and white perch, 1.1. americana, eggs 
from shear f ie lds .  
Shear was generated by a plexiglass cylinder rotating axia l ly  
i n  the middle of a n  annular t a n k  of water. The experimental 
apparatus was designed for  simplicity in fabrication,  but without 
foreknowledge of the complicated floki which would be induced i n  the 
outer annular space. As a resu l t ,  i t  became impossible to deter- 
mine the exact value of shear which induced a given degree of mor- 
t a l i  ty. I t  was possible, however, to calculate the maximum shear 
s t ress  within the flow f ie ld  and thereby provide reasonable values 
of shear to  associate w i t h  observed impacts. 
Eggs and larvae of both species were studied under long-term 
and short-term exposures. In the low-level , long-term experiments 
organisms were exposed to  flows with character is t ic  shear rates 
ranging from 0.64 to  86.0 dynes/cm2 fo r  a period of two days. 
Experiments with higher shear levels of from 76 t o  404 dynes/cm2 
effective over exposure times of from 1 to 20 minutes completed the 
program. 
Replication of the results of the experiments was very good. 
'The lethal doses of shear required to ki l l  half the specimens 
(LD O) was calculated by polynomial regression from the experi- 
medal results and appears i n  Table 1. i 
The immediate question i s  how do the shear values in Table 1 
compare w i t h  those w i t h i n  a typical nuclear power plant. Marcy 
(1973) reports for  the Connecticut Yankee t h a t  a t  peak loads 
approximately 25 m3/sec flows through t w i n ,  single-pass , divided 
water boxes i n  which the velocity may approach 2.4 m/sec. These 
f i  ures imply a Reynclds' number for the flow i n  the order .of 6 x 2 10 . Fanning fr ic t ion factors (see, Bird e t  a., 1960, p. 186) for  
such flow range from 0.0025 to 0.008 depenKng upon the smoothness 
of the surfaces of the conduit. Translated back into shear a t  the 
surface, stresses of from 72 to  230 dyneslcmz would be present a t  
the walls of the water box. 
While these values f a l l  below the range of LDzo's for one 
minute exposures (385-540 dynes/cm2), they are within the damaging 
range. Higher shears could be expected i n  the pump, and i t  i s  pro- 
bable that  mortality i n  the experiment i s  being effected by shears 
lower than the wall stress.  Therefore, the possibil i ty that ichthyo- 
plsnkton are being killed by shear s t ress  i n  the nuclear cooling 
system i s  very real indeed. 
SUI4bWRY AND RECOMMENDATIONS 
Historically, the effects of mechanical s t resses  upon entrained 
ichthyoplankton have been assumed to  be negligible. Mechani cal 
damage to  hatchery organisms i s  well documents, however. Nuclear 
power plants seem likely t o  i n f l i c t  more mechanical damage to  f ish  
eggs and 1 arvae passing through them because of the i r  greater water 
use. The existence of a significant mechanical impact has already 
been demonstrated for  the Connecticut Yankee Power Plant. 
Existing laboratory research to quantify the damage to ichthyo- 
plankton by acceleration and shear s t ress  i s  sparse, fragmc - ;ary, 
and inconclusive. A well-coordinated and exhaustive e f for t  is  
urgently needed. 
Research i s  required to  define the ranges of pressure change, 
acceleration, impaction, shear, and abrasion which cause mortality 
of ichthyoplankton .of various entrained fishes and important inverte- 
Table 1. Estimated LD50 values f o r  tine-shear.exposure experi- 
ments on white perch and s t r iped bass eggs and larvae. 
After Morgan e t  a l .  (1974). 
Organism Exposure Time LDsO (dynes/cm2) 
Striped bass eggs 1 nin. 
Striped bass larvae 
White perch eggs 
2 days 
' , 
2 days 
White perch larvae 1 min. 
2 days 
brates. The determlnati ons of damaging exposures should be made 
over a l l  stages of development from fresh spawn t o  screenable juve- 
ni les. Temperature and s a l i n i t y  , of course, are important para- 
meters t o  be varied in  the experiments. Attention should be paid 
t o  the post-exposure development of survivors to assess possible 
delayed effects.  
The huge quantities of heat added by 'power'plants circum- 
scribe the al ternatives which would diminish thermal shock, but 
mechanical s t ress  can be minimized by a large number of design 
a1 ternati  ves. Such corrective action, however, awaits the develop- 
ment of re l iable  bio-engineering data. 
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